Abstract
The process of HCMV nuclear egress could be an attractive target for development of 72 specific antiviral therapy, especially given its importance for HCMV replication and 73 features that differ from a cellular process that resembles nuclear egress events (8, 9).
74
An important player in HCMV nuclear egress is UL97, a serine/threonine-specific 75 protein kinase (10, 11). Although UL97 has been implicated in several other steps 76 during the virus replication cycle (10-16), in dividing cells, the magnitude of the nuclear 77 egress defect due to a UL97 null mutation or a UL97 inhibitor is very similar to the and is sufficient for phosphorylation of some of these proteins in vitro (11, 19, 20, 25, 83 26). One such substrate is the nuclear lamina component, lamin A/C. UL97 84 phosphorylates lamin A/C, mimicking the activity of cellular cyclin-dependent kinase-1 85 (Cdk1) during mitosis (11), and this activity can explain its role in disruption of the 86 nuclear lamina, which is thought to permit access of nucleocapsids to the inner nuclear 87 membrane during nuclear egress (11, 17, 23) . However, these data do not directly show 88 that lamin A/C phosphorylation and lamina disruption mediated by UL97 are required for 89 efficient replication. In particular, to our knowledge, no study demonstrating 90 complementation of HCMV replication by facilitating lamina disruption in the absence of 91 UL97 has been reported.
92
Another important player in HCMV nuclear egress is a two subunit nuclear 93 egress complex (NEC) containing UL50, a nuclear membrane protein, and UL53, which 94 is nucleoplasmic if not bound to UL50 (8, 27, 28). The HCMV NEC is also required for 95 nuclear lamina disruption, and recruits UL97 to the nuclear rim (8), suggesting that this 96 NEC-UL97 association is important for lamin phosphorylation and nuclear lamina 97 dissolution by UL97. Based on work with other herpesviruses, the NEC is also thought 98 to orchestrate primary envelopment and possibly other steps in nuclear egress (29-31).
99
We wished to investigate if lamina disruption is indeed required for efficient 100 HCMV replication and, if so, whether this is the only role for UL97 during nuclear 101 egress. In other words, are there UL97 substrates other than lamin A/C that are relevant 102 to nuclear egress? To address these questions, we investigated if independent 103 disruption of the nuclear lamina could complement the replication defect observed in the 104 6 absence of UL97, whether UL97 might phosphorylate NEC subunits, and if such 105 phosphorylation is relevant for virus replication and nuclear egress. Our analysis 106 validated the importance of UL97 phosphorylation-driven disruption of nuclear lamina,
107
and suggests that UL97 phosphorylation of the NEC is also relevant for efficient nuclear 108 egress during HCMV infection.
(32) that were either wild type (WT) or null for UL97 ( Fig.1 containing the ISce-AphAI (KanaR) region from the plasmid pGFP-dhead-caax-KanS.
124
The PCR product was gel purified and electroporated into GS1783 cells harboring either (Table 1) promoter of HCMV, and a FLAG-encoding sequence at the C-terminus of UL53 coding 143 sequence described previously (8), using the two-step Red recombination method (33, 144 34), and primers listed in Supplemental Table S1 at https://coen.med.harvard.edu. The 145 resulting viruses were designated S216A 53-F pBADGFP, and S19A 53-F pBADGFP,
146
respectively. The double mutant construct UL50-S216A/ UL53-S19A 53F pBADGFP 147 was generated by introducing the UL53-S19A mutation into S216A 53-F pBADGFP, 148 using the same procedure. The rescued derivative of the double mutant construct, 149 termed, S216AR/ S19AR 53-F pBADGFP, was generated by restoring the original 150 serine residues first in the UL50 coding sequence, to generate the intermediate 151 construct UL50-S19AR/ UL53-S19A pBADGFP. This was followed by restoration of the 152 UL53 coding sequence to generate the final double rescued BAC, S216AR /S19AR 53-
153
F pBADGFP. The double mutant carrying glutamate substitutions of both the UL97 154 phosphorylation sites (phosphosites) in the NEC, UL50-S216E and UL53-S19E, was 155 9 generated using primers listed in Supplemental Table S1 Prism software, where differences in mean log titer values were assessed for 182 significance using one-way ANOVA followed by Sidak's multiple comparison tests. were visualized using colloidal blue and bands corresponding to UL50, UL53 and UL97
197
were excised and submitted for MS analysis. aggregates, and results in the disruption of endogenous nuclear lamins (38).
256
We engineered sequences encoding the ΔH/C GFP-lamin A construct into
257
HCMV either WT or null for UL97, under the control of the UL97 promoter ( nuclei, often exhibiting a kidney shape (Fig 2A panels iv- and this increase was significant (Fig. 2B) . However, fewer cells infected with Δ97
283
LMN-ΔH/C displayed nuclear deformities as compared to those infected with WT LMN-284 ΔH/C (or WT virus only), although these differences were not statistically significant. that disruption of the nuclear lamina by UL97 is important for HCMV replication.
299
Despite the significant increase in virus replication over UL97 null infection, the 300 Δ97 LMN-ΔH/C virus still replicated to significantly lower levels when compared to its
301
WT counterpart (WT LMN-ΔH/C) or the WT virus (6.5 and 8 fold reduced replication, 302 respectively) (Fig. 2C ). This incomplete complementation of the Δ97 defect could arise were 67% and 69%, respectively. We detected one UL50 residue, Ser216 that was 320 phosphorylated during HCMV infection in the absence of MBV (Table 2) . However, in 321 the presence of MBV, peptides containing phosphorylated Ser216 were not found,
322
although the corresponding unphosphorylated peptides could still be readily detected.
323
Three UL53 residues were found to be phosphorylated during infection in the absence 324 of MBV, with Ser19 being more highly phosphorylated than the other two residues,
325
Ser15 and Ser51 (Table 2) . MBV effectively eliminated UL53-Ser19 phosphorylation,
326
while Ser15 and Ser51 were phosphorylated even in the presence of MBV ( K355Q, respectively) (15, 41), and stained for UL50 and UL53 at 72 h.p.i. (Fig. 4A ).
366
While most UL50 and UL53 showed relatively continuous and tight distributions at the 367 nuclear rim of cells infected with WT virus (Fig. 4A , panels i and ii, respectively),
368
infection with Δ97 or K355Q viruses led to a markedly punctate distribution of both UL50
369
( Fig. 4A , panels iii, and v) and UL53 (Fig. 4A , panels iv and vi, respectively) at the 370 nuclear rim. As observed previously (8), the rabbit antisera against UL50 and UL53 also 371 detected staining in a region adjacent to the nucleus that may correspond to the 372 assembly compartment, but only faint staining was observed using a mouse monoclonal infection at MOI=0.1 (Fig. S3A and B, respectively, at https://coen.med.harvard.edu).
395
This could mean that each UL97 phosphorylation site (phosphosite) plays a redundant 396 role in viral replication.
20
We then generated a double mutant virus containing alanine substitutions of both these 398 residues, designated S216A/S19A or AA, and a rescued derivative of AA in which the 399 alanines were restored to serines, designated S216AR/S19AR or RR (Table 1) data to statistical analysis (Fig. 7B) . As previously observed (9, 10, 17), there were 446 relatively few cytoplasmic capsids compared to nuclear capsids in WT-infected cells.
447
The double mutant (AA) did not show any significant differences in the numbers of capsids without a significant effect on nuclear capsids due to the AA substitutions,
455
resemble the effects of loss of UL97 activity (9, 10, 17). Thus, the mutations decrease 456 nuclear egress, and this largely accounts for the replication defect of the double mutant.
457
Effects of glutamate substitutions. In certain cases, glutamate substitution of serine 458 can mimic serine phosphorylation. We therefore generated a double mutant virus, EE,
459
where both UL50-S216 and UL53-S19 were substituted with glutamate in a virus 460 expressing UL53-FLAG, and assayed this mutant for distribution of the NEC and 
